The results of direct observation of the initial phase of explosive electron emission using high-resolution X-ray radiography in X-pinch radiation are reported. The confirmation of common "Ecton" theory was not found within achieved temporal and spatial resolutions. A mechanism involving the surface breakdown of whiskers that leads to plasma development is proposed.
I. INTRODUCTION

M
OST theories of explosive electron emission (EEE) are based on the idea of cathode plasma flares developing after the explosion of fine metal filaments, or "whiskers," on the cathode surface. According to "Ecton" theory [1] , [2] , the explosion of the whiskers is initiated by electron emission in a strong (10 7 -10 8 V/cm) electric field. However, to date, the spatial structure of an electron emission flare, its origin, and the process of flare development are still a matter of conjecture. In this paper, we have used X-pinch pointprojection X-ray radiography [3] - [5] to directly observe the whisker explosion in a high-current (>20 kA) diode.
II. EXPERIMENTAL SETUP
The experimental arrangement is shown in Fig. 1(a) . The cathode-anode electrode gap under study, which we will call a "target diode," was placed in one of two return current paths of hybrid X-pinches (HXPs) used as the main load on XP (500-kA output current amplitude, 100-ns rise time) and BIN (270-kA output current amplitude, 100-ns rise time) pulsers [3] . The target diode current was in the range 20-150 kA depending on return circuit inductive division. Target diode cathode whiskers in different configurations, shown in Fig. 1(b) , were made from thin 5-50-µm W, Cu, or Mo wires. The radiographs shown in Figs. 2-5 were obtained in filtered (12.5-µm Ti filter) HXP X-ray radiation with a geometric magnification of about 10 on Kodak DR50 film. The X-pinch radiation was monitored with subnanosecond time resolution using photoconducting diodes (PCDs) with 25-µm Be and 12.5-µm Ti filters. In some experiments, the X-pinches produced more than one X-ray pulse that was separated in time, enabling us to observe the development of a whisker explosion in one experiment, as illustrated in Fig. 2 (f) together with Fig. 3 radiation from the target diode was monitored by silicon diodes (AXUVHS5) with Al filters (100-or 500-µm Al). Five whisker configurations were tested in the target diode as shown in Fig. 1 , the wire radiograph showed it to be an exploded wire dense core, as was seen in exploding wire experiments [5] , [7] - [10] . In experiments on the XP pulser, where the voltage applied to the target diode was higher because of the larger rate of increase of current, dI/dt, similar target diode structure was observed in radiographs when the filament tip-anode distance was less than 0.7 mm [ Fig. 2 (e) and (f)]. If HXP produced two or more hot spots well separated in time [ Fig. 3(b) ], sequentially recorded images on the same film showed different stages of the filament explosion [ Fig. 2(f) ]. In particular, in the first image of the 30-µm W filament [ Fig. 2(f) , t = 85 ns from the current start] one can see the unexploded filament, while in the second image (t = 115 ns), a substantial expansion of the filament dense core is clearly seen except at the tip.
The hard X-ray radiation from the target diode was recorded using the silicon diodes with Al filters. In the first experiments, signals from scattered (or passed through shield) hard X-ray radiation generated in the X-pinch were seen [ Fig. 3(b) ]. In experiments on the XP pulser with double filament cathodes, we have seen very small core expansion [ Fig. 4(a) ] or expansion at very late time [ Fig. 4(b) ]. In the cases of multifilament (brush type) cathodes, the expansion of filament cores was not seen at any time that we could view with X-ray radiography (t < 160 ns) in our experiment even with very thin Mo wires (10.5 µm). Visible diameters of the filament cores were equal to the initial "cold" wire diameters within the experimental spatial resolution of point-projection radiography [5] (2-3 µm in these experiments).
Time-integrated images recorded using open pinholes with Fuji TR image plates, taking advantage of their sensitivity in the XUV spectral band (100 eV < E < 1000 eV) showed the presence of cathode plasmas, with dense filament cores present the entire time cathode plasmas were visible. This time exceeds the time of e-beam generation and is equal to the time of current flowthrough the target diode. Shadows of the dense cores are clearly seen on the images in Fig. 4(e) and (f) . The existence of long-lived dense cores in the filament plasmas is similar to that in wire arrays during the ablation phase [10] . It is reasonable to suppose that the cathode plasma appearance is connected with the filament surface breakdown.
The simplest way to change cathode surface conditions is to clean the surface by heating to high temperature in vacuum. In an experiment by Zakharov et al. [11] 30 years ago, a sharp-edge tube cathode pulsed to high voltage (400 kV) for 4 µs in a magnetically insulated diode was replaced by a heated W wire loop that was done to improve the electron beam stability and extend the duration of magnetic insulation. Instead, continuous heating to the temperature of about 1600 K reduced electron emission by two orders of magnitude. In the present experiments, the filament cathode was replaced by a W loop, which could then be heated to the temperature ≈ 1300-1600 K. Without loop heating, the discharge in the target diode was very similar to ones with single and multifilament cathodes [ Fig. 5(a) and (b) ]. No filament explosion was observed in radiographs, and the cathode plasma had similar precursor-like structure. If the W loop was heated but disconnected from electric circuit just before the shot to decrease the risk of power supply damage, the partial expansion of the filament core became visible and the image of the cathode plasma became more stable. X-ray signals in the photon energy band E > 7 keV were not very different in the two cases, but in higher energy bands (where signal amplitudes were an order of magnitude smaller) in the diode with heated cathode, X-ray signals appeared 40 ns later than in unheated [see Fig. 3(c) and (d) ]. If the cathode loop was heated continuously (additional protection of power supply was added to the circuit) to the temperature ≈ 1600°K, the hard X-ray signal practically disappeared into the noise and the image of the loop core becomes "fuzzy" but does not appear to be exploded.
The loop cathode does not model a cathode with whiskers very well and the more realistic cathode design used on BIN pulser is shown in Fig. 6 . A 100-µm W loop was used as the heater for a 10-µm W whisker wrapped around the 100-µm wire. In these experiments, no explosion of the whiskers was observed. Only in the case of a continuously heated cathode was there clearly visible expansion (not explosion!) of most of the whisker (but, again, not near the whisker tip). In all other cases, there was no whisker explosion along most of the whisker. X-ray signals in E > 7 keV energy band were very similar in all experiments to those obtained in experiments on XP.
All of the experimental results described earlier show the absence of an explosion of filament or whisker cathodes in the target diodes upon application of anode voltages in the range 20-80 kV during e-beam generation. The implied electric field is 10 7 -10 8 V/cm. The behavior of the whiskers looks more like wire explosion with the development of well-known corecorona structure that would mean that is a breakdown on the wire surface of the metal vapor or adsorbed gas at a certain moment, at which time the discharge current transfers to the coronal plasma surrounding the wire cores [12] - [15] .
There are number of possible scenarios of EEE related to the experimental results obtained in our experiments.
1) Ecton Scenario: Whiskers on the cathode surface are exploded by the current from electron field emission, producing a plasma flare as an unlimited source of electrons. The whiskers disappear at the beginning of the applied voltage pulse, leaving behind small craters on the cathode surface [1] , [2] . 2) Electron Field-Emission Shunting: Due to the nonuniform electric field strength, electron field emission is nonuniform along the whisker (filament/wire in our case) producing nonuniform energy deposition in the wire. This must result in nonuniform wire core expansion, increasing from the tip to the foot. Expansion of the core must start shortly after the beginning of electron emission and must smoothly increase from the tip to the foot of the wire. Whisker explosion follows, producing cathode plasma and space-charge-limited electron flow. This scenario was proposed and analyzed in [16] . 3) Surface Breakdown: Field emission from the filament tip initiates the breakdown of adsorbed gases and debris that desorb from the filament surface, or perhaps from filament mate. The core will expand only after surface breakdown occurs and so expansion, in this case, will be nonuniform since the breakdowns along different parts of the filament may occur at different times. This scenario is very similar to discussed one in [17] for the EEE from the velvet cathode. 4) Exploded Wire: The whisker (filament) produces a fieldemitted electron beam (from the wire tip and wire surface) and this beam produces a plasma flare on the anode. Anode plasma shorts out the filament-anode gap, connecting the filament directly to the anode, after which the filament behavior will be identical to the behavior of an exploded wire. This scenario depends upon the fact that the process is critically dependent on the filament tip-anode gap. The typical rate of anode plasma expansion is (5-10) × 10 5 cm/s, while the radiography exposure time varied from 40 to 110 ns after the current start on BIN pulser and from 80 to 150 ns on the XP pulser. Surface breakdown time is about 10-30 ns and depends on the voltage applied to the target diode at the moment of filament-anode gap closure. That means the visible expansion of dense cores can be seen in our experiments if the filament-anode distance does not exceed 1 mm. We have modeled a discharge in a target diode with a filament cathode and a flat anode using the electrodynamic code KARAT [18] . Results are shown in Fig. 7 together with some experimental results from a similar configuration. We assume a 50-µm W filament is placed with its tip 550 µm from the anode [ Fig. 7(a) ]. With field emission only, the discharge current was limited by the space charge to less than 100 A upon application of an anode voltage 60 kV [ Fig. 7(b) ]. This is significantly less than the measured current of 1-5 kA in the experiment [ Fig. 7(c) and (d) ]. Such currents can be achieved if the diameter of the electronemitting surface is increased to 1-2 mm. That means that plasma developed from a surface plasma much bigger than the 550-µm filament must be the electron source. This 1-2 mm diameter is the characteristic diameter of coronal plasmas that surround exploding wires [13] - [15] . An additional argument that supports this conclusion is the fact that adding filaments combined in the form of a small diameter brush (1-2 mm) does not lead to a significant increase of the diode current, and the emitting plasma is located inside brush only. The details of simulations will be presented elsewhere.
IV. DISCUSSION AND CONCLUSION
In our experiments, we did not find support for the "Ecton" hypothesis even when the electric field strength reached 10 8 V/cm near the whisker tip, at least in the spatial scale achieved. The behavior of the whisker cathode looks more like a wire surface breakdown accompanied by wire explosion and corecorona structure development. Substantial mitigation of the electron emission was observed in experiments with heated cathodes.
We suppose that most visible effects (light emission from flashing spots and remaining craters [1] , [2] , [19] - [27] ) declared as confirmations of "Ecton" theory have secondary or "post effects" nature. Real sources of electron emission especially in the initial phase of discharges are connected with rare plasma developed during the surface breakdown of pins and whiskers on the cathode like it was discussed for the velvet cathodes [17] . While the explosion of sharp structures and whiskers on the cathode surface is still possible, it appears to be on the nanometer spatial range. However, if this occurs, such explosions will serve as triggers for the surface breakdown on a larger scale. To confirm or deny this statement more experiments with higher spatial resolution are needed.
